1. Introduction {#sec0005}
===============

Dendritic cells (DCs) are a heterogeneous population of leukocytes that are critical in orchestrating immune responses. In humans, the logistical difficulties of studying tissue DCs have led to the extensive use of peripheral blood *in vitro* monocyte-derived DCs (mo-DCs) as an experimental tool. The *in vivo* equivalent of mo-DCs may be DCs seen in inflammation rather than healthy tissue. The skin is an accessible epithelial barrier rich in antigen presenting cells (APCs) and has been used as a model tissue to study primary DCs in humans. In this review, we will outline the current understanding of the composition, function and origin of human skin DCs in health and two common inflammatory skin diseases, psoriasis and atopic eczema.

2. Skin dendritic cells {#sec0010}
=======================

The demonstration of MHC Class II, Fc and C3 receptors on epidermal Langerhans cells (LCs) 109 years after their initial discovery by Paul Langerhans in 1868, confirmed their identity as immune cells and promoted the use of human skin as a convenient source to study tissue DCs [@bib0005], [@bib0010], [@bib0015]. These initial studies on murine and human LCs formed the paradigm for 'migratory' tissue DCs which sample antigen in their local microenvironment and migrate to draining lymph node where they interact with T lymphocytes to initiate a specific immune response [@bib0020]. The first interrogation of DCs in the human dermis was undertaken by immunostaining for Factor XIIIa (FXIIIa) which identified branching spindle shaped cells called 'dermal dendrocytes' [@bib0025]. This was followed by the observation in 1993 that dermal myeloid DCs, distinct from epidermal LCs, spontaneously migrated from skin explants cultured *ex vivo*. Analysis of migrated cells identified two dermal DC subsets characterized by the expression of CD1a and CD14 [@bib0030], [@bib0035]. However, *in situ* analysis of the human dermis revealed CD1c^+^ DCs which co-express CD1a and FXIIIa^+^CD14^+^CD163^+^ dermal macrophages [@bib0040]. The puzzling observation of two myeloid DCs within cells migrating spontaneously from skin explants but only one subset identifiable *in situ* was explained by the overlapping antigen profile of CD14^+^ DCs with dermal macrophages. There are several features that distinguish CD14^+^ DCs from macrophages: (1) morphology: macrophages contain dense cytoplasmic melanin granules, (2) flow cytometry: macrophages have high scatter properties which result in autofluorescence easily identifiable in the FITC channel (excitation/emission: 488/530(20)), (3) migratory behavior: only dermal CD14^+^ DCs migrate spontaneously from skin explants cultured *ex viv*o, (4) adherence: macrophages are adherent to tissue culture plastic and (5) turnover kinetics: macrophages are reconstituted at a significantly slower rate by donor-derived cells following hematopoietic stem cell (HSC) transplantation [@bib0045].

In addition to CD1c^+^ DCs and CD14^+^ DCs, CD141^hi^ DCs were recently identified in skin and other peripheral tissues [@bib0050]. Although high expression of CD141 characterize this subset, this antigen is also expressed by all CD14^+^ DCs and a subset of CD1c^+^ DCs [@bib0055]. An important distinction of CD141^hi^ DCs from the other DC subsets is the lack of CD14 expression and lower expression of CD11c [@bib0050]. In the dermis, myeloid DCs are located more superficially than macrophages, which are present deeper and primarily perivascular in distribution [@bib0060]. Whether the three myeloid DC subsets occupy distinct microanatomical spaces is unknown. Gene expression studies suggest that human skin CD141^hi^ DCs are homologous to murine CD103^+^/CD8^+^ DCs and CD1c^+^ DCs are homologous to CD11b^+^CD24^+^CD64^−^ DCs (reviewed in [@bib0065]). Our recent analysis showed that dermal CD14^+^ 'DCs' are monocyte-derived cells, which are transcriptionally similar to FXIIIa^+^ macrophages [@bib0465]. In contrast to myeloid DCs, plasmacytoid DCs (pDCs) are virtually undetectable in healthy skin but are recruited during inflammation [@bib0040], [@bib0470], [@bib0075]. pDCs are located in lymphoid tissues such as lymph node and tonsil [@bib0080], [@bib0085]. In addition to pDCs and tissue 'migratory' myeloid DCs, draining lymph node also contains 'resident' myeloid DCs. Lymph node 'resident' CD1c^+^ and CD141^+^ DCs are HLADR^lo^ and CD11c^hi^, distinguishable from HLADR^hi^CD11c^lo^ 'migratory' DCs [@bib0050].

What is the biological need for different DC subsets? It is important that division into DC subsets is not simply a trivial classification exercise. A considerable body of evidence has accumulated over the years demonstrating specialized immune functions for the various DC subsets. These studies have used migrated primary cells or from enzymatically-digested skin and in vitro CD34^+^ hematopoietic stem cell (HSC)-derived CD14^+^ DCs and CD1a^+^ LCs [@bib0090], [@bib0095], [@bib0100], [@bib0105], [@bib0110], [@bib0115]. A summary of the different functions described for skin DC subsets can be found in [Table 1](#tbl0005){ref-type="table"}.

A further consideration is the phenotypic stability of skin DCs. DC subsets identified from enzymatic-digestion and spontaneous migration have been shown to have similar antigenic profile. Although this suggests phenotypic stability, altered proportion of DC subsets upon *ex vivo* cytokine treatments has been documented suggesting cellular plasticity [@bib0105], [@bib0120], [@bib0125]. Whether plasticity within differentiated resident populations is an important feature *in vivo* is uncertain. The demonstration of long-lived recipient-derived macrophages after allogeneic HSC transplant, despite the rapid repopulation of dermal DCs by donor-derived cells, suggests that dermal macrophages do not differentiate into resident skin DCs [@bib0045].

3. Origin of human skin dendritic cells {#sec0015}
=======================================

DCs arise from a bone marrow HSC-derived lineage dependent on the receptor tyrosine kinase FLT3 [@bib0130], [@bib0135], [@bib0140] ([Fig. 2](#fig0010){ref-type="fig"}). Patients deficient in blood monocytes and DCs due to IRF8 and GATA2 mutation lack dermal DC subsets, have reduced numbers of macrophages but intact LCs [@bib0145], [@bib0150]. This implies that dermal DCs are directly dependant on circulating monocytes and/or DCs or a shared HSC-derived precursor. In contrast, macrophages and LCs are likely to arise from alternative precursors *e.g.* embryonic or tissue-resident precursors, or are simply long-lived and turnover very slowly. In mice, LCs were shown to arise from embryonic progenitors which seed the skin prior to birth [@bib0155], [@bib0160]. It is possible that similar embryonic precursors directly contribute to human LCs. Both human and murine LCs also possess local proliferative potential [@bib0165], [@bib0170].

The specific contributions of circulating blood DCs and monocytes to skin DC subsets are still unclear. Human blood DCs were identified in 1982 as cells expressing MHC Class II, negative for lineage markers defining T, B and NK cells (CD3, CD19, CD20 and CD56) with potent allostimulatory properties [@bib0175], [@bib0180]. The Lin^−^ClassII^+^ blood compartment contains human monocytes and DC subsets, which all except pDCs, express the integrin CD11c. Human monocyte subsets can be identified by the expression of CD14 and CD16. DCs are found within the CD14^−^CD16^−^ fraction and can be characterized by the expression of CD1c and CD141/BDCA3 [@bib0185]. The phenotypic differences between DCs initially identified in peripheral tissues (CD1c^+^ and CD14^+^ 'DCs') and blood (CD1c^+^ and CD141^+^ DCs) was an obstacle to establish their precise relationships easily. As skin CD14^+^ 'DCs' also express CD141, which is further upregulated during spontaneous migration from skin explant culture, it was initially thought to be the equivalent of blood CD141^+^ DCs [@bib0055]. The identification of tissue CD14^−^CD141^hi^ DCs, distinct from CD14^+^ 'DCs' and CD1c^+^ DCs, corresponding to blood CD141^+^ DCs, has facilitated the alignment of DC networks in peripheral blood and skin as shown in [Fig. 1](#fig0005){ref-type="fig"}. A proportion of cells within peripheral blood CD16^+^ monocyte population expressing 6-Sulfo LacNAc (SLAN), called SLAN DCs, have also been described [@bib0190]. In healthy skin, SLAN^+^ cells have been found but unlike other DCs, do not express CD11c [@bib0195].

The human and mice DC networks appears to be conserved ([Fig. 2](#fig0010){ref-type="fig"}) [@bib0050], [@bib0200], [@bib0205], [@bib0210], [@bib0215], [@bib0220], [@bib0225]. Inter-species homology predicts that the human CD141^+^ DCs in blood and skin arise from a precursor that precludes a monocyte stage. Blood CD141^+^ DCs upregulate CD1c and CD1a upon co-culture with skin and express the the skin homing receptor CLA suggesting that blood CD141^+^ DCs may be the immediate precursors of skin CD141^hi^ DCs [@bib0050]. Human CD141^+^ and CD1c^+^ DCs possess a unique phenotype transcription signature distinct from monocytes and macrophages. The murine homologs of dermal CD14^+^ cells are dermal CD11b^+^CD64^+^ macrophages (Fig. 2).

4. Skin dendritic cells in inflammation and disease {#sec0020}
===================================================

The function of DCs as cutaneous sentinels and instigators of T cell responses suggests a key role for these cells in inflammatory skin diseases. We are beginning to understand the contribution of DC to the pathogenesis of psoriasis and atopic dermatitis (AD). An important consideration in studying DCs in inflamed skin is to distinguish resident DCs that are normally present in skin from cells recruited during inflammation. This is difficult for a number of reasons: (i) there are no unique markers to identify recruited cells and (ii) resident subsets may have an altered phenotype in inflammatory environment. Furthermore, 'snapshot' analysis of inflamed skin does not take into account the dynamic state of migratory DCs which affects the nature and quantity of skin DCs at a given time point during disease evolution. Functional differences of DC subsets in inflammation may also be skewed by the tissue microenvironment. In this section, we will review the contribution of DCs in psoriasis and AD pathogenesis with reference to these difficulties.

4.1. Dendritic cell phenotype in inflamed skin {#sec0025}
----------------------------------------------

Animal models suggest that inflammation is accompanied by monocyte-derived DC accumulation in tissues. Mice infected with *Listeria monocytogenes* accumulate DCs in spleen. These DCs produce TNFα and iNOS and are called TipDCs [@bib0230]. Inflammatory DCs have also been described in a murine cutaneous Leishmania model of skin inflammation [@bib0235]. In both models, infiltrating cells express murine DC markers (CD11c, MHC II, CD80, CD86 and DEC205) alongside monocyte (CD11b, Ly6C) and macrophage-associated antigens (Mac-3, F4/80).

A recent study on inflamed human synovial and ascitic fluid [@bib0240], compartments where few resident cells are present in healthy state, revealed inflammatory DCs which expressed HLA-DR, CD11c and CD1c. These cells also express varying levels of CD1a, CD14, CD206, FcER1 and SIRPα. It is difficult to translate this finding into skin where CD11c, HLA-DR and CD1c expression would also identify resident dermal CD1c DCs. In psoriasis, DCs have been recognized as a significant proportion of inflammatory lesions [@bib0245]. Chemerin production by dermal fibroblasts, endothelial and mast cells in psoriasis lesional and peri-lesional skin attracts pDC in the initial stage of plaque formation [@bib0075]. The downstream upregulation of Type I IFN genes results in subsequent myeloid inflammatory DC recruitment [@bib0250], [@bib0255]. Dermal CD11c^+^ cells in psoriasis skin outnumber lymphocytes and coincide with areas of TNFα and iNOS production [@bib0245]. The majority of CD11c^+^ cells express high levels of HLA-DR as well as CD40 and CD86 [@bib0245]. By immunohistochemistry, many CD11c^+^ cells are positive for SLAN [@bib0260]. The absence of CD14, CD1c, CD1a and langerin distinguishes these inflammatory DC from resident subsets. Co-localized detection of TNFα and iNOS has lead to the suggestion that these cells equate to TipDCs seen in murine models. Cells expressing CD14 but lower levels of HLA-DR, in keeping with monocytes, are a small proportion of inflammatory lesions [@bib0245].

In AD skin, CD1a^+^CD11b^+^CD1c^+^ myeloid DCs and pDCs [@bib0250], [@bib0265], [@bib0270], [@bib0275] have been observed. Both subsets express the high affinity IgE receptor, FcER1 [@bib0275]. Myeloid DCs isolated from AD epidermal suspensions are called inflammatory dendritic epidermal cells (IDEC) [@bib0280]. IDECs are distinct from resident Langerhans cells by their lower expression of CD1a and lack of Birbeck granules, but it is not clear how IDECs relate to dermal resident CD1c^+^ DC, which can co-express CD1a and CD206.

4.2. Origins of inflammatory dendritic cells and their homeostasis in inflammation {#sec0030}
----------------------------------------------------------------------------------

Although inflammatory skin lesions contain increased numbers of DC, the precise origin of recruited DCs remains unclear. In animal models, inflammatory DCs derive from the Ly6C^hi^ monocytes [@bib0230], [@bib0235], [@bib0285], [@bib0290], [@bib0295], which are equivalent to CD14 human monocytes [@bib0300]. This differentiation is dependent on MyD88, a key regulator of inflammatory cytokine signaling [@bib0305]. While GMCSF is used *in vitro* to model inflammatory DC, its presence *in vivo* is not essential for monocyte-derived inflammatory DC differentiation [@bib0310]. Demonstrating cell ontogeny is more challenging in humans, but transcriptomic analysis showed that inflammatory CD11c^+^HLA-DR^+^CD16^−^CD1c^+^ DCs from synovial and ascitic fluids resemble in vitro mo-DCs [@bib0240]. However, convergent genetic reprogramming can occur in both conventional and mo-DC subsets upon microbial stimuli [@bib0315]. SLAN^+^TipDCs found in psoriasis have been suggested to originate from blood SLAN^+^ DCs [@bib0260]. This conclusion is based on patterns of chemokine receptors, cytokine production and margination of SLAN^+^ cells along dermal capillaries. Analysis of cytokine production in a moDC model of IDECs supports their derivation from CD14 monocytes [@bib0320]. The contribution of blood or skin CD1c^+^ DCs, which express FcER1, as precursors of IDECs has not been evaluated. While it is clear that recruited cells are important for the generation of inflammatory DCs, it is difficult to ascertain the precise contribution, if any, of *in situ* resident DC differentiation to this pool.

During the influx of monocytes to inflamed tissue, steady state mechanisms of DC homeostasis are stressed and may lead to alterations in resident population origin. An excellent example is the differential precursor requirement for LCs in steady state and inflammation. LCs are seeded from embryonic precursors during foetal development and proliferate in quiescent skin to self-renew [@bib0155], [@bib0165]. However, during inflammation, LC may arise from monocytes or bone marrow precursors and have an accelerated turnover, as demonstrated by more rapid transition to donor-derived LC in cutaneous graft *versus* host disease following bone marrow transplantation [@bib0325], [@bib0330], [@bib0335]. In mice, tissue infiltration with monocytes promotes monopoiesis at the expense of other myeloid differentiation [@bib0340]. Skewing of myeloid development pathways has not been demonstrated in humans, but may have significant effects in chronic inflammation. Insufficient replacement of resident DCs could contribute to loss of tolerance and secondary infection.

4.3. Functional properties of dendritic cells in inflammation {#sec0035}
-------------------------------------------------------------

Inflammatory DCs contribute to beneficial immune responses in murine infectious models. The TipDCs in murine *L. monocytogenes* infection model have allostimulatory capacity in mixed leucocyte reactions but are not required for effective CD4 and CD8 T cell priming *in vivo.* Their beneficial role in clearing bacteria is attributed to TNF and iNOS production [@bib0230]. However, inflammatory DC in murine cutaneous Leishmaniasis do prime naïve T cells and contribute to pathogen-clearing Th1 responses *in vivo* [@bib0235]. Protective CD8, and Th2 responses have been demonstrated in influenza, vaccination and sensitization models respectively [@bib0290], [@bib0345], [@bib0350]. Inflammatory DC may also shape adaptive immunity *in situ* by activating tissue-resident effector memory T cells [@bib0355].

Current understanding of psoriasis reveals multiple contributions by DCs in disease pathogenesis. IFNα produced by pDCs during initial plaque formation [@bib0255] leads to IL-23 and IL-17 upregulation in the skin. IL-23 polarizes Th17 cell differentiation and also potentiates IL-17 production by a variety of immune cells such as neutrophils, mast cells and γδ T cells in psoriasis lesion [@bib0360]. The genetic association with the IL-23/Th17 pathway and the efficacy of anti-IL-23 and anti-IL-17 therapies support the importance of IL-23 and IL-17 in psoriasis pathogenesis [@bib0245], [@bib0365]. Recent reports show that anti-TNFα therapy may also target IL-23 and IL-17 pathway in clearing psoriasis [@bib0370]. DCs in normal and psoriasis skin are capable of producing IL-23 [@bib0375]. In addition, SLAN^+^TipDCs found in psoriasis skin have been shown to prime naïve T cells to produce Th1/17 cytokines [@bib0380] similar to DCs from inflammatory fluids [@bib0240]. The expression of Th1 and Th17 recruiting chemokines CXCL1, CXCL8 and CCL20 is upregulated in psoriasis skin but the precise contribution of DCs to chemokine secretion in psoriasis is unknown [@bib0385]. Interestingly, the observation that peri-lesional psoriasis skin spontaneously develops into psoriasis plaque following engraftment onto mice suggests that skin resident leukocytes alone are sufficient for disease manifestation [@bib0390]. How skin DCs directly modulate resident T cells in lesional skin warrants further exploration.

Disruption of skin barrier function due to filaggrin deficiency is an important predisposing factor for AD [@bib0395]. The barrier-breakdown signal, TLSP, is produced by keratinocytes and is critical in the pathogenesis of AD (reviewed in [@bib0400]). TSLP-activated DCs have been shown to be potent stimulators of naïve T cells and drive Th2 cytokine production. LCs which are in the appropriate anatomical compartment have been shown to be TSLP responsive [@bib0405]. Th2 producing lymphocytes are recruited to tissue *via* CCL17, CCL18 and CCL22 signaling [@bib0385]. These chemokines have been detected in myeloid DCs and LCs in AD skin [@bib0385]. Th22 cytokines also feature in AD lesions, and their production can be stimulated by pDCs [@bib0410], [@bib0415]. Crosslinking IgE is important in later stages of AD pathogenesis and its high affinity receptor, FcERI, is expressed by LCs, IDECs and pDCs [@bib0270], [@bib0275]. FcERI-activation of both *in vitro*-derived LCs and IDECs yields a proinflammatory response [@bib0420].

Although it is clear that the skin APC compartment expands in psoriasis and AD, the subsequent fate of APCs during disease progression and inflammation resolution is unknown. There is little evidence that inflammatory DCs in psoriasis and AD migrate into lymphatics or re-enter blood circulation. Alternative possibilities include cell death in the skin or differentiation into a resident subset.

5. Conclusion {#sec0040}
=============

The human skin has a rich network of DCs which are heterogeneous and functionally specialized. Recent progress in distinguishing DC subsets from resident macrophages and the characterization of the dynamic populations in inflammatory states has begun to shed light on their role in skin homeostasis and pathology. An enhanced understanding of skin DCs origin, homeostasis, function and pathogenic role in disease will provide novel avenues to be exploited for clinical therapy.
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###### 

Functional studies on skin DC subsets.

  **Reference**                       **Subset**                             **Isolation and generation**   **Function**                                                                                                                 
  ----------------------------------- -------------------------------------- ------------------------------ -------------- --------------------------------------------------- -------------------------- ----- ----- ----- ------ ----- ----
  Caux et al. [@bib0090]              CD1a+ (CD1a+CD14-)                                                                   •                                                                              +++                            
  CD14+ (CD1a-CD14+)                                                                                        •                                                                  +++                                                       
                                                                                                                                                                                                                                         
  Klechevsky et al. [@bib0095]        LCs (CD1ahi CD14-HLA-DR+CD207+)        •                                                                                                 IL-15, IL-8                +++   +++   ++                 
  CD14+ dDCs (CD1a-CD14+HLA-DR+)      •                                                                                    IL-10, IL-6, MCP-1, IL-12p40, IL-1β, GM-CSF, TNFα   \+                         \+    ++                       
  CD1a+ dDCs (CD1adim CD14-HLA-DR+)   •                                                                                    IL-15, IL-8                                         ++                         ++    ++                       
  CD1a+ CD14- LCs                                                                                           •                                                                  +++                        +++   ++    +++   +++    ++    
  CD1a-CD14+ DCs                                                                                            •                                                                  \+                         ++    ++    \+    \+     +++   
                                                                                                                                                                                                                                         
  Morelli et al. [@bib0100]           CD1a+CD14- LCs                         •                                                                                                 IL-10, TGFβ1               +++   ++    +++                \+
  CD1a-CD14- DDCs                     •                                                                                    IL-10, TGFβ1                                        ++                         ++    +++                \+    
  CD1a-CD14+ preLCs                   •                                                                                    IL-10, TGFβ1                                        \+                         \+    ++                       
                                                                                                                                                                                                                                         
  Angel et al. [@bib0110]             dLCs (CD1ahi CD207+ CD14-)                                            •                                                                                                                            
  CD1a+ dDCs (CD1adim CD207- CD14-)                                          •                                                                                                 +++                                                       
  CD14+ dDCs (CD1a-CD207- CD14+)                                             •                                                                                                 ++                                                        
                                                                                                                                                                                                                                         
  Haniffa et al. [@bib0045]           HLA-DR+CD14-CD1a+ dDCs                                                •                                                                  IL-1, IL-6, IL-23, IL-10   +++                            \+
  HLA-DR+CD14+CD1a- dDCs                                                     •                                                                                                                                                     \+    
  HLA-DR+CD14+CD1a-FXIIIa+ dMACs                                             •                                             IL-1, IL-6                                          \+                                                        
                                                                                                                                                                                                                                         
  Haniffa et al. [@bib0050]           CD141 DCs (CD141hiCD11clo-intCD1clo)                                  •                                                                  TNFα, CXCL10                                 ++++         
  CD1c DCs (CD141loCD11chiCD1c+)                                             •                                             TNFα, IL-10, IL-8                                                                          +++                
  CD14+ DCs                                                                  •                                             IL-1β, IL-6, IL-8, IL-10                                                                   \+                 
  LCs                                                                        •                                             CXCL10, IL-8                                                                               +++                
                                                                                                                                                                                                                                         
  Matthews et al. [@bib0425]          CD14+CD1a- migDCs                      •                                                                                                 IL-6, IL-10, TNFα, IL-1β   \+    +++   \+                 \+
  CD1a+CD14- migDCs                   •                                                                                    IL-6                                                +++                        \+    +++                \+    
  CD14-CD1a- migDCs                   •                                                                                                                                                                                                  
  LCs                                                                        •                                                                                                 \-                                                        
  CD1a+ dDCs                                                                 •                                                                                                 \-                                                        
                                                                                                                                                                                                                                         
  Polak et al. [@bib0115]             LCs                                    •                                                                                                                                              +++          
  CD11c+ dDC                          •                                                                                                                                                                               \+                 
                                                                                                                                                                                                                                         
  Penel-Sotirakis et al. [@bib0475]   LCs                                    •                                                                                                 TNFα, IL-6                 +++                            ++
  CD1c+CD14- dDCs                     •                                                                                    TNFα, IL-6                                          ++                                                  ++    
  CD14+ dDCs                          •                                                                                    TNFα                                                \+                                                  \+    
                                                                                                                                                                                                                                         
  Fujita et al. [@bib0385]            LCs (HLA-DR+CD207+)                                                   •                                                                                             +++   ++    ++                 
  CD1c+ dDC (HLA-DRhiCD11c+1c+)                                              •                                                                                                 ++                         \+    \+                       
